Aim: To prospectively review current understanding and future trends of screening for keratectasia risk prior refractive laser vision correction (LVC).
INTRODUCTION

"There are known knowns. These are things we know that we know. There are known unknowns. That is to say, there are things that we know we do not know. But there are also unknown unknowns. There are things we do not know we do not know."
-Donald Rumsfeld Progressive "iatrogenic" keratectasia after laser in situ keratomileusis (LASIK), defined as progressive corneal steepening with secondary loss of visual acuity, was first reported in 1998 by Seiler. 1 While the actual incidence of ectasia is undetermined, the incidence rate falls between relatively high levels of 0.66 2 and 0.57%, 3 down to 0.2%, 4 0.05%, 5 0.04%, 6 or 0.029% (Schallhorn, unpublished data 2013). Nonetheless, ectasia was recognized as a very severe complication of laser vision correction (LVC) procedures. 7, 8 This was because of the very high potential for vision impairment or morbidity, causing frustration for refractive surgeons and dissatisfaction among patients. There is also a high risk for litigation, malpractice liability claims, and lawsuits related to progressive ectasia after LVC. Major attempts for understanding and preventing keratectasia have been taken. 8, 9 Ectasia occurs due to a biomechanical failure of the corneal stroma, leading to thinning and protrusion, which is associated with interlamellar and interfibrillar slippage with interfiber fracture, as seen in histopathologic and ultrastructural studies. 9 This occurs due to the inability of the corneal tissue to support the unremitting stresses caused by intraocular pressure, extraocular muscles actions, eyelid blinking, and other forces, such as eye rubbing. 10, 11 Since the first report, 1 the hypothesis that post-LASIK ectasia occurred due to the structural impact from the procedure on a cornea with altered biomechanical properties was considered. for ectasia may be related to three factors (Table 1) :
(1) Preoperative structural abnormalities, such as keratoconus (clinical or subclinical), 7, 12 or high susceptibility of the cornea due to weak innate biomechanical properties, 8 (2) severe biomechanical impact from surgery, 12, 13 and (3) severe trauma after surgery, such as vigorous eye rubbing in response to allergic conjunctivitis, to cause (possibly unilaterally) post-LASIK keratectasia without other known predisposing risk factors.
11
Long-term stability after LVC will be determined by the combination of the preoperative biomechanical strength of the patient's corneal stroma, the amount of biomechanical alteration caused by the surgery, and the postoperative stress load to the cornea. Understanding current diagnostic technology for characterizing the cornea preoperatively and the implications of kerato refractive procedures on the corneal structure are the main pillars for assessing ectasia risk prior to refractive surgery. Identifying cases at high risk or susceptibility for biomechanical failure after LVC represents a major challenge for refractive surgeons. The screening is defined as the application of a diagnostic test to detect cases with mild to moderate disease or with high susceptibility or predisposition for developing disease. 8 It is typically applied to prevent suffering and morbidity, when treatment decisions can best alter the natural course for the patient. Placido disk-based corneal topography is sensitive to detect abnormal front curvature patterns of ectatic disease in l patients with relatively normal distance corrected visual acuity and unremarkable biomicroscopy. 7, 8, 14 Corneal topography and central corneal thickness (CCT) have a recognized, but limited role for screening refractive candidates. 14 In an attempt to improve screening efficiency, the ectasia risk scoring system (ERSS) was developed by Randleman and coworkers. The ERSS found abnormal topography as the most important risk factor for ectasia development, 12 considering also the impact from surgery and other patient´s preoperative data. Level of refractive correction, residual stromal bed (RSB), and patient's age were clinical variables other than corneal topography and CCT that were integrated in this score system. The combined approach represented an improvement, however, there were still 8% false negatives and 6% false positives found at the original ERSS study. 12 Also, a much higher incidence of both false positive 15 and false negatives 16 have been reported. This was, at least in part, related to the criteria for classifying corneal topography. In fact, Ramos et al reported significant interobserver variability in subjective classifications of corneal topography maps. 17 Changing from an absolute to a normative scale increased the scores on the classifications by the same examiner, with significant intraobserver variability. 17 Objective quantitative indices, such as the classic Rabinowitz inferior-superior dioptric asymmetry value (I-S) and the keratoconus percentage index (KISA), and qualitative pattern of asymmetric bow tie with skewed radial axes was an attempt to add objective measurement to the previous subjective evaluation. 7 It is fundamental to consider that normal topography does not exclude mild or early ectatic corneal disease. 8, [18] [19] [20] [21] [22] For example, there are subclinical cases with normal topography, such as those from patients with keratoconus in the fellow eye (Figs 1 to 5 The need for enhancing the sensitivity for detecting mild or subclinical ectatic disease is also supported by the reported cases of ectasia after LASIK without identifiable risk factors (clinical example 2 -Figs 6 and 7). 28, 29 These cases, when a thick flap or excessive tissue ablation are excluded, represent the closest to the ideal population for the studies involving screening for ectasia risk.
WHAT ARE WE SCREENING FOR
In fact, the analysis of the preoperative data from these cases has provided the most important advances in the field. 8 12 29,30 Many of the reported cases, however, had limited preoperative data to front surface curvature and CCT, which restricts their study potential.
Another major concept is that any cornea can undergo ectasia progression, if there is enough disturbances from surgery and/or by other environmental factors, such as ocular trauma and eye rubbing. 8, 11 This is in agreement with the current consensus, 26 and with the two-hit hypothesis. 31 The goal, therefore, is not solely to detect or screen for mild or subclinical keratoconus, but to assess individual's susceptibility for ectasia progression, 22 and also depends on the biomechanical impact from the LVC procedure. 
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Advanced Corneal Analysis beyond Curvature "Corneal tomography" provides a three-dimensional reconstruction of the corneal shape, enabling the calculations of elevation maps of the front and back surfaces of the cornea, along with pachymetric mapping. 18, 20 In addition, the ability for epithelial thickness mapping by "segmental or "layered" tomography using optical coherence tomography (OCT) 32 and very high frequency ultrasound, 33 may provide additional information for ectasia risk detection. For example, Reinstein and coworkers demonstrated improved specificity by verifying stability after LASIK in corneas with preoperative topographic abnormalities, but confirmed as non-ectasia susceptible by epithelial thickness profile in a retrospective case-control comparative study. 33 Also, Sinha Roy's group developed the Bowman's roughness index (BRI), 34 which characterizes the irregularity of the Bowman's layer. The BRI, in conjunction with epithelial thickness data and BAD-D, did improve the sensitivity for detecting mild forms of ectasia in studies involving the fellow eye with normal topography from very asymmetric ectasia (VAE) cases. Corneal morphologic changes due to ectasia (including curvature, elevation, and thickness) are secondary signs of a primary structural 9 or biomechanical 10 abnormality. Roberts and Dupps have proposed that there is a focal biomechanical failure in ectasia, rather than a generalized weakening. 35 The ocular response analyzer (ORA; Reichert, Buffalo, NY; Fig. 4) , 10, 22, 28 the Corvis ST Interestingly, the CBI (corneal biomechanical index) is a novel biomechanical index that was developed by Vinciguerra et al to integrate corneal deformation response metrics from the Corvis ST, having high accuracy to detect clinical ectasia. 37 Ultimately, the integration of biomechanical data and corneal shape data has been proposed for further improving accuracy to detect mild ectasia or even its susceptibility.
28,38
BASICS AND PITFALLS FOR THE INTERPRETATION OF CLINICAL DATA
The presentation of corneal elevation data in maps dependent on the reference surface choosen. 39 In fact, the method of depicting the elevation is the subtraction of the measured surface (either front or back) and a reference shape, which is calculated to have the highest coincident points to a determined area of the cornea that was analyzed. The best-fit sphere (BFS) to the 8 mm zone has been recommended, as it provides adequate data points without the need to use extrapolated data for the majority of cases. 19, 20 The map pattern, the elevation values at the thinnest point (TP) and at maximum elevation within central 4-5 mm zone are the most important characteristics for clinical interpretation. 19, 20 Different reference shapes, such as the best-fit toric and aspheric ellipsoid may be used. 25 Using the Pentacam, the cut-off criteria for the posterior elevation value at the TP using the BFS was 12 µm and using the BFTE was 8 µm, with respectively sensitivity of 96.28 and 95.04% and specificity of 98.79 and 99.09% for detecting keratoconus. 20 Using the Galilei analyzer (Ziemer Ophthalmic Systems AG, Port, Switzerland), the cut-off values for maximum posterior elevation within the central 5 mm diameter obtained by BFTA were 16 and 13 µm for keratoconus and mild FFKC respectively, with sensitivities of 99 and 82%. 25 While this is fundamental that the clinician establishes a standard reference shape and zone for the reference body when interpreting elevation maps, 39 the concept of an enhanced elevation has been introduced by Belin and implemented on the Pentacam. 19, 20 After calculating the standard BFS for the 8 mm corneal zone, a second "enhanced" BFS for the same zone excluding the 3.5 mm-diameter zone centered at the thinnest point is calculated. The difference map from the standard and enhanced BFS will exaggerate any differences (protrusions) within the excluded zone. More than 5 µm of difference for the front elevation and 12 µm difference for the back elevation are considered suspicious. 19, 20, 22 Changes in posterior corneal elevation have been studied to document long-term stability after LASIK, so that using the same BFS for the preoperative corneal information, less than 7 µm on the maximal difference in the central 4.0 mm zone was found on stable LASIK cases. 40 Corneal thickness maps enable the characterization of the TP value and its location, along with thickness distribution. 19, 20, 22 The TP is a more accurate parameter than central thickness for screening ectatic corneal diseases, 19, 20, 22, 27 as well as for calculating the percentage of 
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tissue altered (PTA) and RSB. 8, 22 In the Pentacam, thickness distribution is described as the average of thickness values in concentric annular circles with increasing diameters centered on the TP. These values are presented in the corneal thickness spatial profile (CTSP) and the percentage of thickness increase (PTI) graphs, which also contain reference data (mean and 95% confidence intervals) from a normal population. 19, 20, 22 In addition, a pachymetric progression index (PPI) is calculated for every one degree of meridians of the cornea, starting from the TP outward. This calculation considers the increase in thickness comparing to the TP at each point of the cornea, referencing to a normal population. The Ambrósio's relational thickness (ART) values are calculated as the ratios of the TP and the average of the PPI at all meridians (ARTAve) and the meridian with maximal PPI (ART-Max).
20,22
The cut-off criteria for ART-Ave for clinical and mild FFKC were respectively 474 and 521 µm, with sensitivity and specificity of 99.59 and 98.19% for keratoconus and 91.49 and 93.05% for FFKC. For ART-Max, 386 and 416 µm were the cut-offs which had respectively, sensitivity and specificity of 99.17 and 97.28% for keratoconus and 85.11 and 93.05% for subclinical disease. 20 The Pentacam Belin/Ambrósio enhanced ectasia display (BAD) is a comprehensive display that combines the standard and enhanced BFS elevation maps of the front and back surfaces, and the thickness distribution data. Different tomographic parameters are presented as the standard deviation from normality toward disease (d values): Anterior and posterior elevation at the TP (8 mm BFS), change in anterior and posterior elevation of the standard and enhanced BFS, thinnest value and location, PPI, ART, and maximal curvature (KMax). The BAD-D final parameter is calculated based on a regression analysis to maximize accuracy for detecting ectatic disease. 19, 20, 22, 41 The BAD-D higher than 2.11 was a criteria with sensitivity and specificity of 99.59 and 100% for diagnosing keratoconus, whereas for detecting mild or subclinical disease, the criteria of higher than 1.22 provided 93.62% sensitivity and 94.56% specificity. 20 Interestingly, in a retrospective nonrandomized study involving preoperative LASIK data from an international pool comprising of 23 post-LASIK ectasia cases and from 266 stable-LASIK with over one year of follow-up, the criteria of BAD-D higher than 1.29 provided 87% of sensitivity and 92.1% of specificity. 30 Even though, the BAD-D was the most accurate parameter in predicting ectasia risk, the data suggests room for further improvement.
The Impact from Corneal Procedures
While ectasia is much more common after LASIK, it has also been reported after surface ablation procedures. 8, 9 The excimer ablation itself has a biomechanical impact on the cornea, however, the LASIK flap has a more pronounced effect. 10 Interestingly, there are reported cases of unilateral keratectasia after LASIK, whereas the fellow eye remained stable after photorefractive keratectomy (PRK). 42 The relative contributions on corneal biomechanical properties of the lamellar delamination and side cuts at different depths were studied in vitro in organcultured human corneas using radial shearing speckle pattern interferometry. 43 The loss of structural integrity, measured by a reducing corneal strain was much more pronounced due to the vertical cut through corneal lamellae and was proportionally dependent on the cut depth. The horizontal lamellar dissection had a mild nondepth dependent impact.
43
Finite Element Simulation
The biomechanical effect of different LVC procedures can be simulated using finite element analysis. 10 This approach may assist in the understanding of the surgical effect on the corneal structure. For that purpose, the impact from two extreme LASIK parameters but with the same PTAwere simulated on the same model eye with central curvature of 43.34D, and central thickness of 546 µm using Optimeyes software (Integrated Scientific Services, Biel, Switzerland). Both LASIK procedures were designed with PTA of 39.4%, femtosecond planar flap with 8 mm in diameter, and planned optical zone of 6.15 mm. A thin flap of 90 µm and ablation of 125 µm to treat -8D (A125), and a thick flap with 150 µm with 65 µm (A65) ablation to treat-4D were compared to evaluate the percentage of induced stresses in the central stromal bed. The thick flap LASIK procedure leads to higher induced stresses than the thin flap LASIK case on this simulation. An overall stress increase of 6% was found in the A65 case, whereas 3% of stress increase was observed in the A125 for a central 5 mm disk in the posterior half of the cornea (Fig. 8) . Furthermore, ablation thickness profile had a direct impact on induced stresses in the stromal bed just below the ablation (A125: +31%, A65: +22%), whereas flap thickness rather influenced stress increase in stromal tissue below the flap periphery (A125: +2%, A65: +20%). Interestingly, different zonal stress increase was observed due to the differences on overall volume of tissue removal. 44 Thereby, the complexity of the impact from LVC procedures on corneal structure requires individualized calculations considering different parameters from surgery and also from the patient preoperatively. Contemplation of the impact from the flap cut parameters may significantly improve clinical application of simplified models, such as the percentage of tissue altered (PTA), 13 and the mathematical model to estimate the relative change in stromal tensile strength following PRK, LASIK, and small incision lenticule extraction.
45
Enhanced Screening for Ectasia Susceptibility
"Everything should be as simple as possible, but not simpler." -Albert Einstein An enhanced screening approach for the prevention of keratectasia should consider preoperative corneal data to estimate ectasia susceptibility and procedure related parameters. While this may be a challenging and complex task for the clinician to combine the data from different sources, artificial intelligence techniques, such as neural network (NN), decision tree (DT), support vector machine (SVM), and regression analysis have been used to facilitate clinical decisions. 8, 18, 24, 27, 30 In a retrospective case control study, 177 normal eyes were compared to 148 eyes with clinical keratoconus and to 47 eyes with normal topography from 47 patients with clinical keratoconus in the fellow eye using the Galilei. A total of 55 parameters were analyzed so that a machine learning algorithm was created using a DT approach. Two machine learning algorithms were created using automated decision tree classifier. The one for the discrimination between normals and keratoconus had 100% sensitivity and 99.5% specificity. The one developed for discriminating between normals and mild (subclinical) keratoconus had 93.6% sensitivity and 97.2% specificity. 24 However, this is fundamental to validate such approaches in a new set of cases. In another study, a combination of corneal topography (I-S value) and minimum pachymetry from OCT was statistically the most significant in separating the ectatic from normal eyes. Recently, studies were accomplished to integrate shape and biomechanical analysis and develop the tomographic biomechanical index (TBI). The TBI combines data from the Corvis ST and the Pentacam HR (Oculus; Wetzlar, Germany), through a random forest method with leave-one-out cross-validation. This novel index has shown very high accuracy for detecting ectasia, including a very high sensitivity for subclinical ectasia among eyes with normal topography in very asymmetric patients, performing better than any other parameter tested. 46 For example, there are cases with normal topography and also normal tomography, including a BAD-D value lower than 1 but present with abnormal TBI. Figures 9 and 10 illustrate the clinical presentation of a patient with VAE in which the eye with normal topography has a very low BAD-D score and a TBI of 1. Such analysis may provide a better understanding of ectasia susceptibility and also confirm if the fellow eye with normal front surface curvature is a mild or "fruste" keratoconus or if this is a factual unilateral ectasia patient. The ectasia susceptibility score (ESS-I) was created based on the preoperative clinical and corneal tomography data from 23 cases that developed ectasia after LASIK and from 266 stable LASIK with over 1 year of follow-up. 30 The regression formula combining BAD-D, age, and RSB was calculated. The cut-off of 0.068 (6.8% of relative risk) provided 100% sensitivity and 94% specificity, with better area under the receiver operating characteristic curve (AUC=0.989; 95% CI: 0.969 to 0.998) than all parameters, including the BAD-D (AUC=0.931; CI: 0.895 to 0.957; De Long, p > 0.001). 30 Thereby, the ESS-I enables the calcula- 
CONCLUSION AND FUTURE REMARKS
Considering that there is high variability on subjective classifications of color coded maps, 17 objective, and validated criteria is essential for diagnostic interpretation, and for the clinician to take full advantage of the diagnostic technologies. 8, 18, 20, 27 The analysis, using advanced corneal characterization of the preoperative state of cases that developed ectasia and of the ones that are stable after LVC represents the closest to ideal populations for the development and testing sensitivity and specificity of ectasia risk assessment approaches. Young age and low preoperative thickness are surrogates of corneal biomechanical properties, presenting as important risk factors for keratectasia. However, the advent of corneal biomechanical parameters may exclude these factors in artificial intelligence techniques, such as regression analysis, support vector machine, and random forest. Nevertheless, application of cross-validation techniques and external validations in separate populations are fundamental steps for the development of such methods, to ensure the clinical applicability and reliability for the test. Considering that keratectasia occurs due to a combination of preoperative predisposition or susceptibility of the patient's cornea and the impact from surgery on corneal structure, the approaches for assessing ectasia risk should consider a combination of patient-related data and procedure-related parameters. We anticipate fast developments and the integration of simulation analysis and artificial intelligence strategies, which will play a significant role in this field.
